Thermococcus litoralis is a hyperthermophilic marine archaeon which grows optimally at 85ЊC (22) . It belongs to the order Thermococcales, which also includes the Pyrococcus genus. Therefore, in many aspects of growth and metabolism, T. litoralis resembles Pyrococcus furiosus (8) , the best-characterized hyperthermophilic archaeon.
T. litoralis is a heterotrophic organism which was initially described as growing on peptides and pyruvate but not on carbohydrates (22) . Several enzymes supposedly involved in peptide metabolism in this organism have been described (1, 14, 17, 20, 24) . In contrast, very little is known about carbohydrate metabolism. Recently, it was reported that maltose can stimulate cell growth in peptide-containing medium (20) . Also, it has been observed that T. litoralis produces extracellular amylolytic enzymes having both ␣-1,4 and ␣-1,6 hydrolytic activity (6) , and an intracellular ␣-glucosidase was purified (see reference 11 and references therein). The discovery of these enzymes led to the suggestion that in T. litoralis, metabolism of polysaccharides composed of glucose units is initiated by the hydrolytic activity of extracellular amylolytic enzymes that produce a series of oligosaccharides; these are then transported into the cell, hydrolyzed to glucose by intracellular ␣-glucosidases (6, 11) , and further catabolized by an Embden-Meyerhof type of glycolytic pathway (30) .
Little or no information is available on maltose or carbohydrate transport in archaea. Glucose transport in extremely halophilic mesophilic archaea was investigated (31) . Maltoseregulated genes in P. furiosus have been isolated and sequenced (26, 27) , but they do not encode transport proteins. To our knowledge, no biochemical or physiological studies on the transport of maltose or any other carbohydrate in hyperthermophilic archaea have been reported, in contrast to the large amount of information available on maltose transport in bacteria (3, 7, 23, 32) .
In this work, we report physiological studies on maltose and trehalose transport in T. litoralis at 85ЊC; the kinetic constants of a system which appears to transport trehalose as well as maltose and is induced by trehalose were determined.
MATERIALS AND METHODS

14
C-labeled compounds. For maltose transport assays, [U- 14 C]maltose with a specific activity of 629 mCi/mmol (Amersham) was used. For trehalose transport, [U- 14 C]trehalose with a specific activity of 108 mCi/mmol was synthesized as described previously (5) . For binding assays, a preparation of 650 mCi/mmol was used.
Organism and growth conditions. T. litoralis DSM5473 was obtained from Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany). Cells were cultured on a modified Bacto Marine Broth Medium from Difco (Detroit, Mich.) containing the following components (per liter): yeast extract (Difco), 1 g; peptone (Difco), 5 g; NaCl, 19.5 g; MgCl 2 ⅐ 6H 2 O, 12.6 g; Na 2 SO 4 , 3.24 g; CaCl 2 , 1.8 g; KCl, 0.55 g; NaHCO 3 , 0.16 g; KBr, 80 mg; SrCl 2 , 34 mg; H 3 BO 3 , 22 mg; NaF, 2.4 mg; Na 2 HPO 4 , 8 mg; NH 4 Cl, 1.1 mg; and NaNO 3 , 1.7 mg. In some experiments, yeast extract was replaced by trehalose (113 mg/liter, corresponding to a final concentration of 0.3 mM) or maltose (3 g/liter, corresponding to a final concentration of 8.3 mM). The pH of the medium was adjusted to 6.5 before sterilization at 120ЊC. Whenever used, the sugar solutions were autoclaved separately. The medium was made anaerobic by bubbling nitrogen for at least 2 h; the organism was grown at 85ЊC in a 2-liter Braun fermentor, with continuous bubbling of nitrogen gas and stirring at 100 rpm. Cell growth was determined by monitoring the optical density of the culture at 600 nm (OD 600 ).
Transport assays. At the end of the exponential phase (OD 600 , 0.4), cells were harvested by centrifugation (3,500 ϫ g for 3 min at 27ЊC) and washed once with an anaerobic solution with the same composition as that of the growth medium (pH 6.5) but with no carbon sources added. The cells were then suspended in the same medium to an OD 600 of 0.05 to 0.06 (corresponding to 6 to 7 g of protein per ml) and kept at room temperature under an argon atmosphere. It was verified that under these conditions cells would maintain their transport capabilities for approximately 1.5 h following harvest.
For maltose uptake measurements, 2 ml of cell suspension was pipetted into glass test tubes which had been previously gassed with argon and heated in a water bath at 87ЊC. Two minutes were allowed for cell suspensions to reach a temperature of 85ЊC, and the assays were initiated by the addition of 20 l of [ 14 C]maltose with the appropriate concentrations. At 8, 16, and 24 s, samples (0.5 ml) were removed and filtered through Millipore filters (pore size, 0.45 m) at room temperature with a rapid-filtration apparatus. Cells trapped on the filters were immediately washed with incubation medium kept at room temperature, and the filters were counted in a toluene-based scintillation fluid. At the end of each experiment, 0.2 ml of the cell suspension was taken and added directly to the scintillation liquid as a control. Cell suspensions were kept anaerobic by a continuous flow of argon in the test tube above the surface of the cell suspension. The gas was heated and water saturated by previous passage through a water column at 85ЊC.
Rates of maltose transport were determined from the number of counts obtained after 8 s of incubation with the labeled substrates. It was verified that for all the substrate concentrations tested, a linear correlation of the number of counts versus time was observed for at least 30 s.
For studying the inhibition of maltose transport by other carbohydrates, the unlabeled inhibitors maltotriose (Sigma), glucose (Merck), sucrose (Sigma), and trehalose (Sigma) were added to a concentration of 100 M.
Trehalose transport assays were carried out by a similar general procedure, but 2.5 ml of cell suspension was used, and at 10 s after the addition of [ 14 C]trehalose, the total suspension was filtered and washed; the need for this modification of the procedure was due to the lower specific activity of [ 14 C]trehalose as compared with that of [ 14 C]maltose. Maltose and trehalose thermostabilities were evaluated by proton nuclear magnetic resonance analysis of sugar solutions (10 mM) in the same medium as that used for transport studies after incubation at 85ЊC for different times up to 2 h. Trehalose was fully stable at all times tested, while maltose was less thermostable (10% was degraded after 1 h of incubation), but no degradation was detected for up to 30 min of incubation.
Preparations of detergent-solubilized membranes. Cell paste (1.7 g [wet weight]) was resuspended in 5 ml of 50 mM Tris (pH 7.5) containing 1 mM magnesium sulfate. A small amount of DNase I was added, and the cells were broken by one passage through a French pressure cell at 16,000 lb/in 2 . The suspension was centrifuged for 1 h at 100,000 ϫ g. The pellet was washed twice with 10 ml of 50 mM Tris (pH 7.5), resuspended in the same buffer containing 1% octyl-␤-glucoside (3 mg of protein per mg of detergent), and gently stirred overnight at 4ЊC. Insoluble material was removed by centrifugation (100,000 ϫ g for 1 h). The clear supernatant contained 0.6 mg of protein per ml and was used for binding assays, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and partial purification. The solution was kept frozen at Ϫ70ЊC without noticeable loss of binding activity.
For partial protein purification, a membrane solution was loaded onto a Mono-Q column equilibrated with 50 mM Tris (pH 7.5) containing 0.1% octyl-␤-glucoside; retained proteins were eluted with a NaCl gradient (0 to 500 mM) in the same buffer. A [
14 C]maltose binding assay (see below) was used to test the presence of maltose-binding protein in the eluted fractions. The fractions showing high binding activity were pooled and used for further maltose-trehalose binding assays and SDS-PAGE analysis. All operations were done under aerobic conditions. SDS-PAGE was done by the standard procedure (16) with gels containing 13% acrylamide. Staining was done with Coomassie brilliant blue (21) .
Binding assays. A modification of the binding assay with saturated ammonium sulfate (25) was used. Solubilized membranes (50 l) were incubated for 30 s in a glass tube at 85ЊC. Ten microliters of [ 14 C]maltose or [ 14 C]trehalose (1.1 M each) was added, and the mixture was incubated for an additional 20 s at 85ЊC. Ice-cold 50 mM Tris (pH 7.5; 2 ml), saturated with ammonium sulfate, was added, and the mixture was kept on ice for 10 min. The slightly turbid solution was filtered through a Millipore filter with a 0.45-m pore size and washed once with 2 ml of the same ammonium sulfate solution. The filters were counted in a scintillation counter. When sugars were tested for their ability to compete for binding, 10 l of a 10 mM sugar solution was added to the protein solution prior to the addition of the labeled substrate.
Protein determination. The protein content of the cells or detergent-solubilized membranes was determined by the Bradford microprotein assay (4). Cells had been subjected previously to one cycle of freezing and thawing.
Yeast extract analysis. The yeast extract used in the medium was analyzed by proton nuclear magnetic resonance spectroscopy; the trehalose content was determined from a comparison of resonance intensities before and after the addition of a known amount of pure trehalose.
RESULTS
T. litoralis exhibits high-affinity transport of maltose when grown on peptone plus yeast extract. Cells grown on peptone and yeast extract as carbon sources showed high rates of maltose transport. When the initial rate of transport at 85ЊC was plotted against the initial substrate concentration, a MichaelisMenten type of dependence was observed, with apparent saturation at about 80 nM substrate (Fig. 1, upper curve) . Low cell densities (below an OD 600 of 0.07) were required to study such a high-affinity transport system that also shows a relatively high capacity. Thus, for measuring the uptake process, care had to be taken that filtration measurements were performed quickly and at low cell densities. Under these conditions, transport over time at different substrate concentrations was linear for at least 30 s, and a significant decay of the number of counts due to release of metabolic products was observed only at times longer than 2 min. From the rate of loss of radioactivity from cells that had accumulated maltose, we could estimate that the exit of radioactive degradation products reduces uptake values by less than 5%. Attempts to analyze the accumulated radioactive products after 50 s of uptake by thin-layer chromatography revealed that very little maltose and mostly degradation products remained. Thus, it appears likely that the transport process is limiting the internal utilization of maltose. Uptake of maltose by T. litoralis was strictly temperature dependent. At room temperature, less than 2% of the amount of maltose was taken up in comparison to the uptake at 85ЊC.
Maltose transport is induced by trehalose. When cells were grown in peptone broth in the absence of yeast extract, no maltose uptake was observed (Fig. 1, lower curve) . In this medium, cell growth was only slightly slower (doubling time, 2 h) than that in medium containing yeast extract (doubling time, 1.7 h). The lack of maltose transport by cells grown without yeast extract suggested that this transport was induced by a compound(s) present in yeast extract, most probably carbohydrates. Proton nuclear magnetic resonance analysis of a solution of yeast extract showed high levels of trehalose: the batch of yeast extract used in this work contained 113 mg of trehalose per g, resulting in a final concentration of about 0.3 mM trehalose in the yeast extract-containing growth medium. To determine whether trehalose was responsible for the induction of maltose transport, cells were grown on trehalose (0.3 mM) plus peptone, but without yeast extract (doubling time, 1.7 h). Maltose transport (Fig. 1, middle is clear that trehalose can induce maltose transport in T. litoralis and is most likely the inducing compound in yeast extract.
The inhibition of maltose transport by several carbohydrates (maltotriose, glucose, sucrose, and trehalose) was also tested (Table 1) . Maltotriose partially inhibited maltose transport when present in a concentration 1,000-fold higher (100 M) than that of maltose (100 nM); under the same conditions, trehalose inhibited [ 14 C]maltose uptake completely. Thus, trehalose not only induces maltose transport but probably is also transported by the same system. We attempted to induce maltose (and trehalose) transport by growth in medium containing peptone and 8 mM maltose. Even though we observed maltose and trehalose transport in these cells, the results obtained varied greatly in K m and V max but generally yielded much higher apparent K m s for maltose uptake than the results with cells grown in peptone plus yeast extract. The reasons for this behavior are not known, and therefore we restricted all further experiments to cells grown in peptone plus yeast extract.
Kinetic analysis of maltose and trehalose transport. The apparent transport affinity (K m ) and the maximum uptake rate (V max ) were determined for maltose and trehalose transport in cells grown with yeast extract and peptone as carbon sources (Fig. 2, curve A) . The transport rates of either substrate were measured for a range of initial concentrations, i.e., 3 to 100 nM. For maltose transport, a K m of 22 Ϯ 3 nM (mean Ϯ standard deviation of five independent experiments) was obtained; the V max values obtained in the different experiments were less reproducible and varied in the range of 3.2 to 7.5 nmol/min/mg of protein.
The kinetic parameters determined for maltose transport did not appear to depend on the growth phase since similar values were obtained when transport was assayed in cells harvested at three different stages of growth (the middle and late exponential phases and the stationary phase). The inhibiting effect of trehalose on maltose transport was evaluated from measurements of the transport rate of [ 14 C]maltose (3 to 100 nM) in the presence of 50 nM unlabeled trehalose; a value of 21 nM was obtained for the inhibitor constant, K i . The curve obtained in the Hanes plot (Fig. 2, curve B) was linear and yielded about the same V max as that in the absence of trehalose (Fig. 2, curve A) . This indicated that trehalose behaves as a competitive inhibitor to the uptake of maltose by use of the same transport system. Inhibition of maltose transport by trehalose was also observed with cells grown on trehalose plus peptone (data not shown).
The kinetic parameters determined for trehalose transport, a K m of 17 Ϯ 1 nM and a V max of 4.1 nmol/min/mg of protein (average of two replicates with the same batch of cells), were similar to those measured for maltose. Maltose did not inhibit trehalose transport as efficiently as trehalose inhibited maltose uptake. Transport of [
14 C]trehalose (20 nM) was assayed in the presence of different concentrations of unlabeled maltose (in the range of 10 nM to 1 mM). A 10-fold excess of maltose was necessary to decrease by 50% the transport rate of trehalose, but full inhibition was observed at 2 M maltose. No uptake of trehalose was observed for cells grown in medium containing peptone as the sole carbon source.
Isolation of a membrane-bound maltose/trehalose-binding protein. The observation that transport of trehalose and maltose exhibited an apparent K m of 17 to 22 nM suggested that transport is mediated by a binding protein-dependent system. Therefore, we searched for the cognate high-affinity binding protein. Initial attempts to detect binding activity for maltose and trehalose in the soluble extract failed. However, binding assays using detergent-solubilized membranes revealed the presence of a protein with high affinity for trehalose and maltose ( Table 2 ). Binding of maltose at a submicromolar concentration was strongly inhibited by trehalose, and binding of trehalose was strongly inhibited by maltose. Maltotriose inhibited the binding of both sugars weakly, but glucose, sucrose, and maltotetraose did not inhibit. It was apparent that the binding specificity was identical to the substrate specificity of the maltose/trehalose transport system in intact cells. Consistent with the observation that transport of maltose/trehalose is inducible by growth in the presence of trehalose, binding activity was 30-to 40-fold higher in solubilized membranes from induced cells than from uninduced cells. SDS-polyacrylamide gels from the solubilized membranes of both induced and uninduced cells are shown in Fig. 3 . There is one band with an M r of 48,000 that is more prominently present than others in the membranes of the induced cells. This band migrates in the gel as the major band seen in the partially purified preparation that contained high binding activity (Table 2) .
From the specific binding activity in the solubilized membranes of the induced cells and the molecular size of the binding protein (48,000 kDa), one can estimate that the binding protein is present at a minimum of about 1% of the total solubilized membrane proteins. 
DISCUSSION
In this publication, we describe a trehalose-induced transport system for maltose and trehalose in the extreme thermophilic archaeon T. litoralis. Several properties of this system are rather unusual. First, there is the high affinity of 17 to 22 nM for both trehalose and maltose combined with a V max of 3 to 7 nmol/min/mg of protein. The corresponding transport system for maltose in Escherichia coli, considered to be of high affinity and capacity, exhibits a K m of 1 M and a V max of 20 nmol/ min/10 9 cells (33) . Estimating that 10 9 cells corresponds to 150 g of protein (19) , this would correspond to 3 nmol/min/mg of protein. Thus, the same flux of carbon that is capable of supporting growth in E. coli is observed in T. litoralis but at a minimal substrate concentration that is a 50-fold lower than that in E. coli.
Second, the range of specificity of the transport system is surprising. Since the affinity of the system is so high, one would assume that the substrate specificity is narrow, i.e., restricted to maltose and maltodextrins. Yet, the system recognizes, with equal affinity, trehalose, a nonreducing disaccharide whose structure is entirely different from that of maltose. Indeed, the recognition site of the high-affinity maltose system in E. coli, the periplasmic maltose-binding protein, does recognize maltose and maltooligosaccharides such as maltotriose but not trehalose (2, 10) . In contrast, the T. litoralis transport system recognizes maltose and trehalose but apparently not maltotriose.
The unusual specificity of the transport system is reflected in a membrane-associated binding protein (M r 48,000) that also shows the same regulation as the transport system. Therefore, we conclude that the binding protein constitutes the recognition site of the transport system. To date, nothing is known about the genes encoding the system, and the exact evaluation of the type of transport system has to await the analysis of the relevant genes. To discuss the transport system of T. litoralis, it is appropriate to recall the large body of knowledge gained from transport studies in bacteria, particularly the gram-negative enteric bacteria E. coli and Salmonella typhimurium. In these bacteria, maltose is transported by a well-characterized binding protein-dependent ABC (ATP-binding cassette) multicomponent transport system (3). The recognition site of this type of transport system is a soluble periplasmic substratebinding protein of high affinity (K d , in the 1 M range). In gram-positive bacteria, the binding protein has become membrane associated via a specific thioether linkage to an acylated glycerol moiety that functions as a membrane anchor (9, 28, 29) . By analogy, it seems likely that the maltose/trehalose transport system found in T. litoralis resembles the typical binding protein-dependent ABC transporters in gram-positive bacteria.
From an evolutionary point of view, it is informative to consider the type of transport systems used by bacteria to transport maltose and trehalose. Whereas maltose is trans- ported by the binding protein-dependent ABC transport system mentioned above, trehalose is transported by a phosphoenolpyruvate-sugar phosphotransferase system (13, 15, 18 ). Yet, there are curious connections between the two systems, at least in E. coli: trehalose induces the maltose system, even though it is neither actively transported nor metabolized by the mal gene-encoded proteins (12) . The observation that trehalose transport in T. litoralis is mediated by a binding proteindependent system may indicate that the phosphoenol pyruvate-sugar phosphotransferase system is a later invention by bacteria, while the ABC type system that is found in eucaryotic and procaryotic cells occurred earlier in evolution. Furthermore, the need for this marine hyperthermophile to develop such a high-affinity transport system may be related to the environments, poor in substrate, from which these organisms were isolated. Work is in progress to fully characterize the extremely highaffinity maltose/trehalose-binding protein in T. litoralis and to identify the genes encoding the components of this unusual transport system.
